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Abstract
Thermalized matter created in non-central relativistic heavy-ion collisions is expected to be tilted in the reaction plane with
respect to the beam axis. The most notable consequence of this forward-backward symmetry breaking is the observation of
rapidity-odd directed flow for charged particles. On the other hand, the production points for heavy quarks are forward-backward
symmetric and shifted in the transverse plane with respect to the fireball. The drag on heavy quarks from the asymmetrically
distributed thermalized matter generates substantial directed flow for heavy flavor mesons. We predict a very large rapidity odd
directed flow of D mesons in non-central Au-Au collisions at
√
sNN = 200 GeV, several times larger than for charged particles.
A possible experimental observation of a large directed flow for heavy flavor mesons would represent an almost direct probe of
the 3-dimensional distribution of matter in heavy-ion collisions.
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FIG. 1. The transverse density profile of the fireball tilted
relative to the beam axis and the binary collision profile at
η|| = −2.
The dynamics of relativistic heavy-ion collisions can
be largely factorized into a part that is transverse to
the beam direction and the longitudinal dynamics that
is parallel to it. The transverse evolution has been exten-
sively investigated with ample evidence of collective ex-
pansion [1]. The longitudinal dynamics is usually studied
in two aspects, event by event fluctuations of the longi-
tudinal distribution of matter [2] and the breaking of the
beam axis symmetry in non-central collisions [3, 4]. One
of the key question towards understanding the longitudi-
nal evolution is how the forward-backward symmetry is
broken in the initial state for symmetric but non-central
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collision systems. The determination of the strength and
mechanism of this symmetry breaking will lead to a signif-
icant progress of our understanding of energy deposition
in relativistic collisions.
At intermediate beam energies, charged particle di-
rected flow v1 is sensitive to the QCD equation of state [5].
At higer energies (
√
sNN = 200GeV and above), it is
a key observable that probes the longitudinal profile of
the fireball [4]. Heavy quarks with masses that are sev-
eral times larger than the fireball temperature are mostly
produced in the initial stages of the collision. Hence they
witness the entire space-time evolution of the fireball and
are ideal candidates to probe initial state physics [6]. We
demonstrate the possibility of probing the initial state
longitudinal profile of the thermalized matter through the
directed flow of heavy quarks.
A natural suggestion to explain the rapidity spectra of
produced particles in asymmetric collisions like d+Au [7]
is that each participant source preferably showers parti-
cles along its direction of motion [2, 8]. Such a picture
is also well motivated by the parton model [9] as well as
saturation models of QCD [10]. In order to obtain such a
final state within a hydrodynamic framework, the follow-
ing ansatz for the initial entropy density s
(
τ0, x, y, η||
)
within a two-component Glauber model has been pro-
posed [4]
s
(
τ0, x, y, η||
)
= s0
[
αNcoll + (1− α)
(
N+partf+
(
η||
)
+
N−partf−
(
η||
))]
f
(
η||
)
(1)
where Ncoll, N
+
part and N
−
part are the densities for number
of binary collisions and participants from the forward and
backward going nuclei respectively evaluated at (x, y).
τ =
√
t2 − z2 and η|| = 12 log (t+z)(t−z) are the proper time
and spacetime rapidities respectively. τ0 is the initial
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proper time to start hydrodynamic evolution.
f
(
η||
)
= exp
−θ (|η||| − η0||)
(
|η||| − η0||
)2
2σ2
 (2)
is the longitudinal profile (for |η‖| < ybeam) taken to re-
produce the final state rapidity spectra of charged par-
ticles. α controls the admixture of the participant and
binary sources contribution to the total entropy deposi-
tion for the fireball. For a good description of the Au+Au
data at
√
sNN = 200 GeV, we set η
0
|| = 1.3, σ = 1.5 and
α = 0.15.
f+,−
(
η||
)
are the profiles which introduce the rapidity
odd component to the initial state
f+
(
η||
)
=

0, η|| < −ηT
ηT+η||
2ηT
, −ηT ≤ η|| ≤ ηT
1, η|| > ηT
(3)
with f−
(
η||
)
= f+
(−η||). The above tilted initial con-
dition has been shown to describe the rapidity odd v1 of
charged particles [4] measured by STAR [11] and PHO-
BOS [12]. The magnitude of the tilt of the initial source
is determined by the parameter ηT . Typically we use
ηT ' ybeam − 2 = 3.36, the value extracted from d+Au
collisions [8], but to demonstrate the great sensitivity of
heavy flavor flow to initial tilt we will also vary ηT be-
tween 2 and the beam rapidity ybeam = 5.36.
The transverse profile of the entropy density for the
fireball and of the binary collision sources at η‖ = −2 for
Au-Au collision at impact parameter b = 8.3 fm is plot-
ted in Fig. 1. The Au nucleus flying with the positive
(negative) rapidity is located at x = b/2(−b/2). The fire-
ball is tilted to positive (negative) x with respect to the
beam axis for positive (negative) η‖. The tilted fireball
develops a rapidity-odd directed flow v1 of charged par-
ticles in the hydrodynamic expansion [4, 13], consistent
with experimental data [11].
Charm quarks produced by hard binary collisions be-
tween nulceons from the two colliding nuclei are forward-
backward symmetric in rapidity. The distribution of the
production points of charm quarks is according to the bi-
nary collision profile which is symmetric with respect to
the beam axis. However, the shift in the bulk and binary
collision profiles means that heavy quarks are produced at
points in the transverse plane shifted with respect to the
center of the fireball. This results in the enhanced dipole
asymmetry in the heavy quark flow pattern. There is a
possibility for the heavy quark profile to develop a tiny
tilt due to correction from nucleon position dependent
nuclear modifications of parton distribution functions. In
this first study we ignore such effects.
The matter in the fireball is evolved with 3+1 dimen-
sional relativistic viscous hydrodynamics using the HLLE
algorithm [14]. We use a shear viscosity η/s = 0.08
and bulk viscosity ζ/s = 0.04 in the hadronic phase. A
nonzero bulk viscosity in the hadronic phase mimics the
less effective equilibration processes. We use a cross-over
equation of state, interpolating between lattice QCD data
and hadron resonance gas model [15]. Note that the dis-
cussed mechanism of symmetry breaking does not require
event by event fluctuations and all calculations are per-
formed using smooth initial conditions (Eq. 1) from the
nucleon Glauber model. A rapidity-odd directed flow of
charged particles of similar magnitude has been predicted
in event-by-event simulations as well [15].
The hydrodynamic evolution provides us the spacetime
history of the fluid velocity uµ and temperature T . We
study the phase space evolution of heavy flavor, particu-
larly charm quarks in this background through Langevin
dynamics
∆ri =
pi
E
∆t (4)
∆pi = −γpi∆t+ ρi
√
2D∆t (5)
where ∆r and ∆p refer to the updates of the position
and momentum vectors of the heavy quark respectively
in time ∆t. i = x, y and z refers to the three components
in Cartesian coordinates. γ and D are the drag and dif-
fusion coefficients respectively that characterize the in-
teraction between the heavy quark and the medium. We
have assumed a diagonal form for the diffusion matrix
here which is often employed in the study of heavy quark
dynamics related to heavy ion phenomenology [16–18]. ρi
is randomly sampled from a normal distribution at every
time step such that 〈ρi〉 = 0 and 〈ρiρj〉 = δij . We work
in the post-point realization of this stochastic term and
take D = γET , where E =
√
p2 +m2 is the energy of
the heavy quark with mass m. This ensures the long time
approach of the heavy quark phase space distribution to
the equilibrium Boltzmann-Juttner distribution [19].
The initial phase space distribution of the heavy quarks
is sampled from the binary collision profile and from the
pT spectra obtained in p+p collisions [25]. The Langevin
dynamics as written in Eqs. 4 and 5 holds true in a static
medium. Thus, we perform Lorentz transformation on
the heavy quark phase space coordinates to obtain the
corresponding coordinates in the local rest frame of the
fluid following which the position and momentum are up-
dated according to the Langevin evolution of Eqs. 4 and
5. Finally, we perform inverse Lorentz transformation
to obtain the heavy quark phase space coordinates in
the laboratory rest frame. At the end of the Langevin
evolution (when the temperature drops to 150MeV), we
hadronize the charm quarks via Petersen fragmentation
[26] to obtain the final momentum distribution of the D
and D¯ mesons.
The experimental observables for heavy flavor mesons
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FIG. 2. (a) Nuclear modification factor for D mesons at mid-rapidity as measured in (0− 10) % centrality Au+Au at√
sNN = 200 GeV [20] compared to our calculation for two different choices for the temperature dependence of the drag
coefficient, γ = 0.2T and γ = 0.2T
√
T/m. (b) Elliptic flow at mid-rapidity as measured in (0− 80) % centrality Au+Au at√
sNN = 200 GeV [21] compared to our calculation for the two different choices of γ. (c) The spatial diffusion constant for
the two choices of γ in this work compared to results from lattice calculations [22], quasiparticle models [18, 23] and Bayesian
analysis of the data [24].
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FIG. 3. (a) Rapidity dependence of v1 for D mesons as ob-
tained for ηT = 3.36 and γ = 0.2T (filled circles). The STAR
measurements [11] (open triangles), as well as our results from
the hydrodynamic model (shaded band) for charged particle
v1 is also shown for comparison. (b) Same as (a) for pT dif-
ferential v1.
are the nuclear suppression factor
RAA =
dNAA/dpT
NcolldNpp/dpT
, (6)
defined as the scaled ratio of pT spectra in Au+Au and
p+p collisions, and the directed v1 and elliptic v2 har-
monic flow coefficients of the azimuthal angle distribution
for D mesons
dN
dφ
∝ 1+2v1 cos(φ−Ψ1)+2v2 cos (2(φ−Ψ2)) +. . . . (7)
The elliptic flow is defined with respect to the second or-
der event plane direction Ψ2 for charged particles and the
rapidity odd directed flow is defined with respect to the
reaction plane Ψ1. In the simulation the reaction plane is
well defined, in the experiment it is usually defined from
the spectators (e.g. see [5] for a discussion).
The jury is still out on the determination of the drag
experienced by the charm quark in the medium [18, 23,
24, 27–29]. We work with a simple ansatz,
γ = γ0T (T/m)
x
(8)
and adjust γ0 and x for a qualitative description of the
measured values of RAA (pT )[20] and v2 (pT )[21] at mid-
rapidity. The results are shown in Fig. 2. A good qual-
itative description of the data is found for γ0 = 0.2 and
x = 0 − 0.5. A different choice, γ = γ0T (T/E)x does
not lead to further improvements. In Fig. 2 (c), we have
compare the T dependence of the dimensionless quantity
2piDsT (Ds is the charm quark diffusion coefficient in
the coordinate space) to results from lattice calculations
[22], quasiparticle models [18, 23] and Bayesian analysis
of the data [24], lattice data slightly favors the choice
γ ∝ T for the ansatz in Eq. 8. Nevertheless, we study
also the case γ ∝ T 1.5 for completeness. Different choices
do not modify our conclusions qualitatively.
To make a useful prediction for v1 for experiments with
limited statistics we show the 0-80 % centrality results.
This corresponds to a choice of the impact parameter
b = 8.3 fm in the Glauber model to generate the initial
conditions. The results shown in Fig. 3 correspond to γ ∝
T . Charged particle spectra are calculated in a statistical
3
emission model and resonance decays at the freeze-out
temperature 150 MeV [30]. The agreement of the directed
flow coefficient v1 for charged particles with experiment
[4] is reproduced in our calculation.
In Fig. 3 (a), we show the results for the pT integrated
v1 in different η bins. The most notable observation is
that for central rapidities the predicted directed flow co-
efficient for heavy flavors is several times larger than the
v1 of charged particles measured by STAR. It is a very
strong, distinctive signal of symmetry breaking in the ini-
tial conditions. Hydrodynamic expansion of the tilted
source results in a moderate value of the odd-component
of the directed flow for charged particles stemming from
the thermalized fireball. The heavy quark production
points are shifted in the transverse plane with respect to
the bulk of the matter. The interaction of the medium
in the fireball on heavy quarks is biased resulting in a
larger directed flow of heavy flavor mesons. We note that
our prediction for heavy flavor v1 at central rapidities is
approximately three times larger than in the results of
earlier calculations using a transport model [31].
Initially, the bulk of matter is tilted which translates
into a tilted temperature profile. This sets off the hy-
drodynamic response and the directed flow of the fluid is
built after some time [4]. Thus, there could be two fac-
tors that drive the large v1 of heavy flavors, preferential
scattering of the heavy quarks by the tilted source and
secondly, the drag by the directed flow of the bulk mat-
ter. We have explicitly investigated this by using boost
invariant T or uµ and found that the large heavy flavor
v1 is mostly due to the drag of the fluid.
In Fig. 3 (b), we show the pT differential sgn(η) v1 in
the |η| ≤ 1.3 range. The pT dependence of v1 is similar
to that of v2 from Fig. 2 (b): it rises with pT for pT < 1
GeV and then stays constant up to pT ∼ 2 GeV before
slowly falling off. The pT range where the directed flow
magnitude is large is also the pT range where RAA > 1
as seen in Fig. 2 (a). The relative modification of the pT
for heavy quarks in this momentum range due to a drag
from the collective motion of matter is the largest, and it
is at the origin of both the increase of RAA and a large
v1. At higher pT , jet quenching by the tilted fireball [10]
could be a source of additional v1 besides the drag by the
tilted bulk matter that we discuss. The spectra of heavy
flavor mesons are shifted towards negative px. The bias
from the off-center position of the fireball (Fig. 1) leads
to a net transfer of px to heavy quarks.
The observation of enhanced forward-backward dipole
asymmetry in the flow of heavy quarks is best depicted
by the v1 slope at mid-rapidity. This is shown in Fig. 4.
The slope has been extracted by fitting to the v1 in the
|η| < 1 range. Depending on the choice of the parameters
the slope for the D mesons is 5−20 times larger than that
of the charged particles. A notable feature of the directed
flow of heavy flavors is its sensitivity to the magnitude of
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FIG. 4. Slope of the directed flow at mid-rapidity for D and
D¯ mesons compared to that of the STAR measurement of
mid-rapidity slope for charged particles [11].
the initial tilt of the fireball. By varying ηT governing
the asymmetry of the initial entropy deposition of the
left and right going sources (Eq. 3) the initial tilt can
be varied. When changing ηT from ybeam (small tilt) to
0.4ybeam (large tilt), the change in charged particle v1 is
moderate, ∼ 0.5% at η = 0.75. On the other hand, the
heavy flavor v1 at the same η bin changes by 2−3% while
the v1 slope increases by a factor 3. Thus, a measurement
of the v1 slope for heavy flavors would present a sensitive
probe of the initial matter distribution in the transverse
and longitudinal directions.
Several comments are in order. The dependence of γ on
the medium properties like T and heavy quark properties
like m and p is far from settled [18, 23, 27–29]. The value
of the drag coefficient influences the final v1 significantly
and hence ignorance of γ can introduce considerable un-
certainty in the extraction of ηT . Thus, proper calibra-
tion of the medium interaction with the heavy quark and
its demonstration by good simultaneous description of pT
dependence of RAA and v2 at mid-rapidity is essential.
The directed flow of heavy flavors should be included in
the set of observables used to constrain the drag coeffi-
cient, besides RAA and v2.
We have checked that the heavy quark v1 is robust to
variations of other parameters like the initial time to start
hydrodynamics τ0, the value of shear and bulk viscosity
η/s and ζ/s. It has been suggested that hard processes
in a kT factorized saturation framework follow a profile
that is also tilted with respect to the beam axis [32]. This
would reduce the heavy quark v1 or could even reverse its
sign. Thus, the relative magnitude (and sign) of heavy
flavor and charged particle v1 can distinguish between
different saturation mechanism for hard processes. This
emphasizes the significance of the measurement of heavy
quark v1 at different collision energies.
The strong electromagnetic fields in the initial state
could contribute to heavy flavor v1 as well [33]. However,
the effect of the electromagnetic fields is of opposite sign
4
on D and D¯ mesons and would not influence the average
directed flow of D mesons.
We note that at higher energies the magnitude of the
rapidity-odd directed flow of charged particles decreases.
In the hydrodynamic model it results from a decrease of
the initial tilt of the source. This effect would lead to a
decrease of the directed flow of D mesons at higher ener-
gies. On the other hand, the larger density of the fireball
makes the drag of heavy quark more effective. The re-
sulting D meson directed flow at
√
sNN = 2760 GeV is
predicted to be much larger than for charged particles.
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